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Introduction {#sec001}
============

Quantum-mechanical/molecular-mechanics (QM/MM) simulation\[[@pone.0161868.ref001]--[@pone.0161868.ref008]\] has taken a central role in unraveling enzyme mechanism. Challenges remain in fully enumerating sources of enzymatic rate enhancement even for fundamental reactions such as methyl transfer in neurotransmitter\[[@pone.0161868.ref009]\] and gene regulation\[[@pone.0161868.ref010], [@pone.0161868.ref011]\]. Catechol *O*-methyltransferase (COMT) is an S-Adenosyl-L-methionine (SAM)- and Mg^2+^-dependent methyltransferase (MTase)\[[@pone.0161868.ref009]\] that reacts with an array of catecholamine substrates (e.g., dopamine neurotransmitters). In order to form an active Michaelis complex in COMT, SAM binds first, followed by Mg^2+^, and the catecholamine substrate binds last in a bidentate fashion to Mg^2+^ at the solvent-exposed active site\[[@pone.0161868.ref012]\]. Catechol deprotonation, mediated by a lysine or a histidine in a recently discovered variant\[[@pone.0161868.ref013]\], has been thought to be an important intermediate step in the catalytic cycle since the catecholate anion is expected to be more reactive\[[@pone.0161868.ref014], [@pone.0161868.ref015]\]. The rate-determining\[[@pone.0161868.ref016]\], direct S~N~2 methyl transfer\[[@pone.0161868.ref017]\] from SAM\[[@pone.0161868.ref018]\] occurs primarily at the meta position\[[@pone.0161868.ref018], [@pone.0161868.ref019]\] of substituted catecholamines, with kinetic studies\[[@pone.0161868.ref012], [@pone.0161868.ref020]--[@pone.0161868.ref022]\] providing a free energy barrier estimate of 18.1\[[@pone.0161868.ref021]\]-19.2\[[@pone.0161868.ref022]\] kcal/mol for the soluble, human form of the enzyme. It is believed that Mg^2+^ plays a critical role in bringing the substrates together\[[@pone.0161868.ref018]\] because complete inhibition of COMT is achieved\[[@pone.0161868.ref009]\] when Mg^2+^ is replaced by Ca^2+^, and Mg^2+^ may provide a large component of the estimated 10^16^-fold rate enhancement\[[@pone.0161868.ref023]\] over solution. Alanine mutagenesis of an active site Tyr68 increases the barrier to 21 kcal/mol\[[@pone.0161868.ref022]\], and combined computational-experimental studies of COMT mutants have suggested\[[@pone.0161868.ref024]\] enhanced flexibility with respect to the wildtype enzyme is responsible for the reduction in rates.

Atomistic simulation can provide valuable insight into the mechanism by which COMT achieves an estimated 10^16^-fold rate enhancement\[[@pone.0161868.ref023]\] over solution. Classical molecular dynamics studies should capture motions both at the active site and in the overall protein\[[@pone.0161868.ref025]--[@pone.0161868.ref027]\], and quantum mechanical studies on model systems of COMT can begin to provide insight into reactivity, typically from static structures\[[@pone.0161868.ref028]\] due to higher computational cost. Some computational studies have employed classical molecular dynamics (MD) of COMT in apo\[[@pone.0161868.ref029], [@pone.0161868.ref030]\], intermediate\[[@pone.0161868.ref031]\], and holo\[[@pone.0161868.ref025]--[@pone.0161868.ref027]\] forms. Long, well-equilibrated MD simulations have only been carried out on apo-COMT\[[@pone.0161868.ref029], [@pone.0161868.ref030]\], and earlier studies on holo-COMT\[[@pone.0161868.ref025]--[@pone.0161868.ref027]\] were limited by then-available computational power to much shorter 1 ns simulations. Early holo-COMT studies fixed bidentate catecholate coordination to Mg^2+^ observed in X-ray crystal structures\[[@pone.0161868.ref015]\] with explicit Mg^2+^-O bonds\[[@pone.0161868.ref025], [@pone.0161868.ref026]\]. Although qualitative catecholate-Mg^2+^ coordination was held consistent with experiment, non-bonded SAM methyl-catecholate oxygen (C-O) distances sampled during dynamics averaged 3.55 Å in poor agreement with the approximately 2.6 Å C-O distance observed in crystal structures. Other MD studies\[[@pone.0161868.ref027], [@pone.0161868.ref032]\] in which bidentate catecholate coordination to Mg^2+^ was not enforced instead have resulted in reorientation to form a monodentate catecholate characterized by a single Mg^2+^-O^-^ coordination, an intramolecular hydrogen bond, and a compensating sixth interaction with Mg^2+^ derived from an active site carboxylate. Mixed semi-empirical/classical (SQM/MM) calculations have suggested an even weaker interaction between catecholate and Mg^2+^ with only a single coordination to the neutral hydroxyl of catecholate with a bond elongated by as little as 0.5 Å\[[@pone.0161868.ref033]\] or as much as 2--5 Å\[[@pone.0161868.ref034]\] (i.e., catecholate does not coordinate Mg^2+^) with respect to typical Mg^2+^-O bonds. These distinct poses have never before been directly compared, and the substrate\'s suitability as a methyl acceptor may depend on its position in the active site. For instance, substrate placement has been shown to strongly influence reactivity and branching ratios in metalloenzymes\[[@pone.0161868.ref035], [@pone.0161868.ref036]\].

First-principles simulation of the methyl transfer barrier requires careful selection of which portion of the enzyme will be treated quantum mechanically since QM methods are typically higher scaling and more computationally expensive than classical methods. SAM, catecholamine substrate, and the Mg^2+^ alone are 64 atoms, and the Mg^2+^ coordination sphere enlarges this system size to over 100 atoms. For efficient sampling and calculation, studies have leveraged partial models of SAM and reactants\[[@pone.0161868.ref028]\] and have often treated Mg^2+^ classically. Despite these approximations, a number of DFT\[[@pone.0161868.ref037], [@pone.0161868.ref038]\] and semi-empirical\[[@pone.0161868.ref032], [@pone.0161868.ref039], [@pone.0161868.ref040]\] computational studies\[[@pone.0161868.ref027], [@pone.0161868.ref032], [@pone.0161868.ref037]--[@pone.0161868.ref040]\] have produced a wide range of free energy barriers (3--30 kcal/mol) that are sometimes in good agreement with experimental barriers (18--19 kcal/mol), especially after corrections for some approximations. Some of us have identified\[[@pone.0161868.ref024]\] that large-scale QM/MM treatments (ca. 500 atoms) of the COMT active site 500 atoms in the COMT active site are beneficial for explaining and interpreting the effects of active site mutations. Despite the many approaches that have been proposed in the literature to balance accuracy and efficiency in evaluating methyl transfer barriers, there have not yet been any comparative studies between how differing binding poses accessible in MD may be more or less suitable methyl group acceptors in methyl transfer reactions.

We thus use comprehensive classical and quantum mechanical (both semi-empirical and density functional theory) methods to address open questions in the structure and function of COMT. We quantify the free energy landscape of substrate dynamics, identify the driving force and interactions in differing substrate poses in the active site, and determine the extent to which substrate placement alters the methyl transfer reaction coordinate. We additionally demonstrate that charge transfer between substrates and the active site is required to reproduce experimental crystal structure geometries and methyl transfer barrier heights. The structure of this article is as follows. First, we describe the Computational Details of all simulations carried out in this work. In the Results and Discussion, we first evaluate the structure, dynamics, and binding free energies of catecholate in differing binding poses and identify the effect of binding pose on free energy barriers of the rate-determining step (RDS). Finally, we provide our Conclusions.

Methods {#sec002}
=======

Classical Molecular Dynamics {#sec003}
----------------------------

Classical MD simulations of COMT were carried out using the GPU-accelerated version\[[@pone.0161868.ref041], [@pone.0161868.ref042]\] of the AMBER 14 software package\[[@pone.0161868.ref041]\]. The starting structure was obtained from the COMT crystal structure (PDB ID: 3BWM\[[@pone.0161868.ref043]\]), which had bound SAM, dinitrocatecholate (DNC) inhibitor, and an Mg^2+^ cation. Three resolved water molecules in the X-ray crystal structure that were buried in the active site were kept in the simulations while external waters were replaced during protein solvation. For catecholate structures, nitro groups were removed from the DNC structure. The protein was described by the AMBER ff12SB\[[@pone.0161868.ref044]\] force field, which is derived from the ff99SB\[[@pone.0161868.ref045]\] force field with updates to backbone torsional parameters. For SAM and catecholate or DNC substrates, we employ the generalized AMBER force field (GAFF)\[[@pone.0161868.ref046]\] with partial charges assigned from restrained electrostatic potential (RESP) charges\[[@pone.0161868.ref047]\] obtained with GAMESS-US\[[@pone.0161868.ref048]\] at the Hartree-Fock level using a 6-31G\*\[[@pone.0161868.ref049]\] basis set, as implemented by the R.E.D.S. web server\[[@pone.0161868.ref050]--[@pone.0161868.ref052]\]. Thoroughly tested parameters for Mg^2+^ were obtained from Ref. \[[@pone.0161868.ref053]\] ([S1 Table](#pone.0161868.s015){ref-type="supplementary-material"} and [S1 Fig](#pone.0161868.s001){ref-type="supplementary-material"}). The charge of protein residues was assigned with the H++ webserver\[[@pone.0161868.ref054]--[@pone.0161868.ref057]\] assuming a pH of 7.0 to yield -8 (-6) for the apoprotein (holoprotein). H++ assigns the protonation state of neutral histidine residues based on van der Waals' contacts and hydrogen bonding distances, which results in His12, His142, and His192 being protonated at the δ position and His16, His57, and His182 being protonated at the ε position. The protein was solvated with a 10 Å buffer of TIP3P\[[@pone.0161868.ref058]\] water on all sides (a total average size of around 62x69x71 Å during the NPT production runs) and neutralized with 6 Na^+^ ions.

Several multistage equilibration protocols were employed, which differed only by the extent and nature of restraints that enforced the crystal structure active site coordination ([S1 Text](#pone.0161868.s022){ref-type="supplementary-material"}, [S2](#pone.0161868.s002){ref-type="supplementary-material"}--[S6](#pone.0161868.s006){ref-type="supplementary-material"} Figs and [S2 Table](#pone.0161868.s016){ref-type="supplementary-material"}). These protocols included restrained and/or unrestrained minimizations, a quick NVT heating stage, NPT equilibration, and NPT production dynamics at T = 300 K and p = 1 bar. We used a Langevin dynamics thermostat with a collision frequency of 1.0 ps^-1^ and a random seed to avoid synchronization artifacts. For constant pressure dynamics, a Berendsen barostat with a pressure relaxation time of 1 ps was used. The SHAKE algorithm\[[@pone.0161868.ref059]\] was applied to fix all bonds involving hydrogen, permitting a 2 fs timestep to be used for all MD. For the long-range electrostatics, the particle mesh Ewald method was used with a 10-Å electrostatic cutoff.

Free energy surfaces {#sec004}
--------------------

Two-dimensional MD free energy surfaces (FES) were obtained by applying the weighted-histogram analysis method (WHAM)\[[@pone.0161868.ref060], [@pone.0161868.ref061]\] using the Grossfield lab software package\[[@pone.0161868.ref062]\] to unbias distributions obtained with umbrella sampling\[[@pone.0161868.ref063]\]. Equally spaced windows were obtained at 0.1 Å spacing over the range of 1.8--4.5 Å in the Mg^2+^-OH bond distance and 5° spacing over the 0--180° range in the C-C-O-H dihedral (see [Fig 1](#pone.0161868.g001){ref-type="fig"}). Force constants were 500 kcal/(mol^.^Å^2^) for the bond distance restraint and 200 kcal/(mol^.^rad^2^) for the dihedral restraint. Each window was equilibrated for 100 ps before 200 ps of production dynamics was carried out over which sampled distances and dihedrals were collected. During the WHAM fitting, the iterative solution of the free energy weights was converged with a 1x10^-8^ threshold, and the final FES was described by 76 C-C-O-H dihedral bins of 2.5° width and 104 Mg^2+^-OH distance bins of 0.025 Å width.

![Model of key active site residues in COMT.\
a) Bidentate and b) monodentate configurations of COMT, including Mg^2+^ and its coordinating residues, catecholate and its interactions with Lys144 and Glu199, and the SAM substrate. The C-C-O-H dihedral angle is highlighted in green.](pone.0161868.g001){#pone.0161868.g001}

Quantum Mechanical FESs {#sec005}
-----------------------

Hybrid semi-empirical quantum-mechanical/molecular mechanics (SQM/MM) dynamics employed the internal AMBER\[[@pone.0161868.ref041], [@pone.0161868.ref042]\] SQM routines. These SQM/MM calculations include electronic embedding of SQM atoms and hydrogen capping of all cleaved covalent bonds that span the SQM/MM boundary. For the SQM approach, both AM1\[[@pone.0161868.ref064]\] with explicit treatment of *d* electrons and PM6\[[@pone.0161868.ref065]\] were employed. These dynamics were carried out with spherical boundary conditions in the largest sphere afforded by the MD box from which they were extracted with no electrostatic cutoff, a 0.5 fs timestep, and constant temperature (T = 300 K) enforced by a Langevin thermostat as in the MD runs. No atoms were held fixed, but a 1.5 kcal/(mol^.^Å^2^) restraining potential kept water molecules from evaporating from the sphere. Initial configurations across the methyl transfer coordinate were obtained from a quick steered molecular dynamics (SMD) run. Snapshots from the SMD runs were extracted for each of the ten windows in umbrella sampling for 10 ps equilibration and 20 ps production SQM/MM.

The reaction coordinate in both SMD and umbrella sampling was defined as an antisymmetric linear combination of distances (LCOD) between the S-C and C-O bonds, which break and form, respectively, during methyl transfer. Variable force constants ranging from 10 kcal/(mol^.^Å^2^) in low energy regions to 240 kcal/(mol^.^Å^2^) in high energy regions were employed to minimize the number of windows required while maximizing overlap over the -1.5 to 2.2 Å LCOD range (details of force constants, window targets, and window widths are provided in [S3 Table](#pone.0161868.s017){ref-type="supplementary-material"}). WHAM\[[@pone.0161868.ref060], [@pone.0161868.ref061]\] software\[[@pone.0161868.ref062]\] was used to reconstruct one-dimensional free energy curves with 0.02 Å bin widths. In order to validate PM6 for FESs, additional geometry optimizations were carried out both at the hybrid density functional theory (DFT, B3LYP\[[@pone.0161868.ref066]--[@pone.0161868.ref068]\]) and PM6\[[@pone.0161868.ref065]\] levels of theory ([S2 Text](#pone.0161868.s023){ref-type="supplementary-material"}).

Energy Decomposition Analysis {#sec006}
-----------------------------

Binding free energy calculations employed the AMBER MMPBSA.py\[[@pone.0161868.ref069]\] utility, which follows protocols outlined in Ref. \[[@pone.0161868.ref070]\]. New 5 ns MD trajectories were generated starting from representative bidentate, monodentate, and local max geometries for a single trajectory protocol. The local max geometry represents a high-energy point on the transition from bidentate to monodentate (see [Results and Discussion](#sec007){ref-type="sec"}) and was sampled with distance restraints, as described above. For this method, implicit solvent calculations within the Poisson-Boltzmann (PB)\[[@pone.0161868.ref071]\] or Generalized Born (GB)\[[@pone.0161868.ref072]\] approximations are carried out on snapshots obtained from MD both with a noncovalent ligand present and rigidly removed. In our simulations, the rigid binding free energies were averaged from configurations extracted every 8 ps for a total of 625 snapshots.

MMPBSA total binding free energies of Mg^2+^ and catecholate as well as the individual residue contribution to the binding energy of catecholate were obtained. Full energy decomposition analysis with MMPBSA is computationally intensive, and pairwise residue interactions were computed instead with MMGBSA using the \"OBC1\" model\[[@pone.0161868.ref073]\], motivated by recent benchmarks\[[@pone.0161868.ref074]\]. In both MMPBSA and MMGBSA cases, the internal dielectric was set to 1, and the salt concentration was set to 0.1 M. Entropic contributions to binding computed within the quasi-harmonic approximation were not found to vary across points being compared and were therefore neglected. More description of contributions to the MMPBSA binding free energies is provided in [S3 Text](#pone.0161868.s024){ref-type="supplementary-material"}.

Results and Discussion {#sec007}
======================

Structure and Dynamics in the Active Site {#sec008}
-----------------------------------------

At least ten experimental crystal structures\[[@pone.0161868.ref015], [@pone.0161868.ref043], [@pone.0161868.ref075]--[@pone.0161868.ref079]\] of COMT have been solved with bound inhibitors ranging from dinitro to coumarine in nature along with SAM and Mg^2+^ in the active site at resolutions ranging from 1.3 to 2.4 Å. On average, the bidentate substrate analogue in these structures has two Mg^2+^-O bond distances averaging around 2.16 Å that are comparable to the 2.12 Å average distance for the remaining species in the active site (Asp141, Asp169, Asn170, and H~2~O) that coordinate Mg^2+^. It has been proposed\[[@pone.0161868.ref014], [@pone.0161868.ref015]\] that the inhibitor molecule was bound in a monoanionic form. Based on expected pK~a~s, it is believed that Glu199 forms a hydrogen bond with the hydroxyl of one catechol, and the other oxygen proximal to the methyl group of SAM is deprotonated by Lys144 ([Fig 1A](#pone.0161868.g001){ref-type="fig"}).

Some simulations\[[@pone.0161868.ref027], [@pone.0161868.ref032], [@pone.0161868.ref080]\] have identified alternate active site configurations for catecholate in which a monodentate (m) structure with an intramolecular catecholate hydrogen bond is formed. The intramolecular hydrogen bond is known to be stable in gas phase structures of catecholate\[[@pone.0161868.ref081]\]. The newly available sixth coordination site on Mg^2+^ is either filled by monodentate coordination to Glu199\[[@pone.0161868.ref080]\] or bidentate coordination with Asp141\[[@pone.0161868.ref027], [@pone.0161868.ref032]\] ([Fig 1B](#pone.0161868.g001){ref-type="fig"}). The bidentate Asp141 configuration is likely an artifact of force field parameter choice, as bidentate coordination of Mg^2+^ is exceedingly rare under physiological conditions\[[@pone.0161868.ref082]\]. An alternate m configuration (m-alt)\[[@pone.0161868.ref033]\] has been proposed in which the neutral hydroxyl oxygen of catecholate weakly binds Mg^2+^ with a \> 2.5 Å Mg^2+^-O(H) bond and the sixth Mg^2+^ coordination site is instead occupied by Glu199. This binding orientation necessitates rearrangement in the active site or proton transfer along a path that crosses very close to Mg^2+^, and the weak catecholate-Mg^2+^ interaction is unlikely to be sustained during the relatively slow catalytic cycle of COMT (turnover frequency of 12--24 min^-1^ \[[@pone.0161868.ref021], [@pone.0161868.ref022]\]). When we sampled neutral catechol or a species in which only the neutral hydroxyl oxygen of catecholate was directly coordinated to Mg^2+^, we observed extremely short (i.e., sub-ns) lifetimes for that species. In an attempt to stabilize m-alt, we also carried out restrained MD in the configuration proposed in Ref. \[[@pone.0161868.ref033]\] for 50 ns before release and were able to stabilize this configuration for up to 50 ns before it rearranged to the standard m configuration.

As with previous work\[[@pone.0161868.ref027], [@pone.0161868.ref032], [@pone.0161868.ref080]\], we also observe rapid bidentate (b) to monodentate (m) rearrangement ([Fig 2](#pone.0161868.g002){ref-type="fig"}) of catecholate-Mg^2+^ coordination ([Fig 1](#pone.0161868.g001){ref-type="fig"}), depending upon the equilibration protocol employed ([S2](#pone.0161868.s002){ref-type="supplementary-material"}--[S6](#pone.0161868.s006){ref-type="supplementary-material"} Figs and [S1 Text](#pone.0161868.s022){ref-type="supplementary-material"}). The most rapid rearrangement is observed in protocols in which no restraints are applied to the protein or ligand environment during equilibration. Use of harmonic restraints on Mg^2+^-O distances during NVT heating and NPT equilibration leads to b structures that are stabilized for at least 80 ns before rearrangement to a m structure ([Fig 2](#pone.0161868.g002){ref-type="fig"}, see [S1 Text](#pone.0161868.s022){ref-type="supplementary-material"} for a full 350 ns bidentate run when dihedral restraints are employed). The long lifetime of the b species departs from unrestrained equilibration protocols in earlier\[[@pone.0161868.ref027], [@pone.0161868.ref032], [@pone.0161868.ref080]\] short timescale MD and our own MD. Analysis of bond distance changes reveals that the dynamical rearrangement is induced by the destabilization of the catecholate hydroxyl-Glu199 hydrogen bond via Glu199 sidechain rotation. This fluctuation encourages the catecholate hydroxyl to reorient, forming an intramolecular hydrogen bond and monodentate coordination to Mg^2+^. Shortly thereafter, Glu199 is observed to coordinate directly to Mg^2+^. In all simulations, no reverse transition from m to b coordination is observed on the 100-ns timescale.

![Active site bond distances from a 160 ns molecular dynamics trajectory.\
Distances include Mg^2+^ coordination with catecholate anion (red line) and hydroxyl oxygen atoms (magenta line); catecholate intramolecular hydrogen bond distance (green line); and catecholate hydrogen bond distance to Glu199 carboxylate oxygen atoms (blue and gray lines).](pone.0161868.g002){#pone.0161868.g002}

The electrostatic driving force for the catecholate rearrangement during classical MD simulations is clear: oxygen partial charges on catecholate are weaker than those on Glu199 ([S7 Fig](#pone.0161868.s007){ref-type="supplementary-material"}). However, a key question is whether the overall free energy of the m configuration is substantially lower than b since the lack of m-to-b rearrangement during MD suggests a higher barrier for the backward than the forward transformation and thus possibly a lower free energy for the m configuration. The two-dimensional (2D) free energy surface (FES) spanning Mg^2+^-OH distances and C-C-O-H dihedral values confirms observations from MD ([Fig 3](#pone.0161868.g003){ref-type="fig"}). The minimum free energy path involves Mg-OH bond elongation followed by formation of the intramolecular hydrogen bond (C-C-O-H dihedral of 180°, see [Fig 1](#pone.0161868.g001){ref-type="fig"} for dihedral location on catecholate). The free energy barrier for the Mg^2+^-OH bond elongation step of around 6.5 kcal/mol is consistent with observations of a long-lived b structure during MD simulations.

![Catecholate-Mg^2+^ coordination FES in COMT with respect to C-C-O-H dihedral and Mg-OH distance.\
Color bar at right shown in kcal/mol with high free energy regions in excess of 15 kcal/mol shown in white.](pone.0161868.g003){#pone.0161868.g003}

A second free energy minimum that is equienergetic with the bidentate structure corresponds to elongated Mg^2+^-OH distances in a monodentate configuration without the intramolecular catecholate hydrogen bond. Here, a hydrogen bond with Glu199 stabilizes the hydroxyl of monodentate catecholate instead (see [Fig 1](#pone.0161868.g001){ref-type="fig"}). Rearrangement to a m structure with an intramolecular hydrogen bond has a low free energy barrier of around 3 kcal/mol. Overall, the m-catecholate (m-CAT) with an intramolecular hydrogen bond is stabilized by around 4 kcal/mol with respect to the other two free energy basins. The m-alt configuration employed in Ref. \[[@pone.0161868.ref033]\], on the other hand, was found to be 11 kcal/mol higher in energy than a bidentate reference, and interconversion to m-alt is prohibitive with a free energy barrier of 24 kcal/mol ([S8 Fig](#pone.0161868.s008){ref-type="supplementary-material"}).

During MD sampling of m-CAT, we observe occasional interconversion between the intramolecular H-bond monodentate (C-C-O-H dihedral = 180°) and the extended hydroxyl case (C-C-O-H dihedral = 0°) consistent with the features of the free energy surface. Although no rearrangement back to b-CAT is observed, the barrier for conversion from the m-CAT, intramolecular H-bond catecholate to b-CAT is predicted to be 10.5 kcal/mol, corresponding to an interconversion frequency of 16 μs^-1^. This exchange frequency is within an order of magnitude of experimental 0.67 μs^-1^ exchange rates at room temperature (1.5 μs^-1^ at 37°C) of neutral ligands such as H~2~O around Mg^2+^\[[@pone.0161868.ref083]\] and should occur multiple times between the slower RDS methyl transfer steps. Representative structures from b-CAT and m-CAT free energy basins reveal key differences in orientations ([Fig 4](#pone.0161868.g004){ref-type="fig"}). Since X-ray structures are usually solved in the presence of a dinitrocatecholate (DNC) inhibitor, we also carried out MD simulation with DNC bound and confirmed that the b-to-m rearrangement was comparable to CAT ([S9 Fig](#pone.0161868.s009){ref-type="supplementary-material"}).

![**Representative bidentate (top) and monodentate (bottom) catecholate (CAT) substrate configurations at the COMT active site.** Substrates are shown in orange, protein residues in blue, and key distances are shown (in Å), except for D141-Mg^2+^, D169-Mg^2+^, and Mg^2+^-H~2~O, which are unchanged.](pone.0161868.g004){#pone.0161868.g004}

In both CAT and DNC MD simulations, a short hydrogen-Glu199 oxygen distance of around 1.7 Å in the b-CAT configuration is replaced by a 2.1 Å intramolecular hydrogen bond in the m-CAT case ([S4 Table](#pone.0161868.s018){ref-type="supplementary-material"}). Whereas the CAT oxygen anion coordination distance to Mg^2+^ is always predicted to be shorter than crystal structure values (1.94 Å in m-CAT, 1.97 Å in b-CAT), the longer DNC distances (2.08--2.16 Å, [S9 Fig](#pone.0161868.s009){ref-type="supplementary-material"}) are consistent with experimental crystal structure distances. Overall distances between both substrate and inhibitor are comparable, with short 1.90--1.94 Å distances for Mg^2+^ coordination to carboxylates of Asp141 and Asp169 and longer 2.02--2.13 Å bond distances with Asn170 and the axial water ligand. The neutral catechol hydroxyl coordination distance to Mg^2+^ is consistently longer by 0.15--0.25 Å in both CAT and DNC with respect to the compensating interaction that is formed with the Glu199 carboxylate, consistent with analysis of the charges of each residue in the active site ([S7 Fig](#pone.0161868.s021){ref-type="supplementary-material"} and [S4 Table](#pone.0161868.s018){ref-type="supplementary-material"}). Interestingly, distances of the transferring methyl carbon on SAM to the nearest oxygen on catechol vary in the b and m MD configurations. Crystal structures have unusually short SAM C--CAT O distances (average: 2.65 Å, range: 2.45--2.81 Å), and it has been hypothesized that unusually short reactant distances may be a source of catalytic rate enhancement\[[@pone.0161868.ref025]\].

The GAFF repulsive van der Waals terms for SAM and CAT prevent extensive sampling of C-O distances observed in X-ray structures. This repulsion is slightly balanced by weak electrostatic attraction between methyl hydrogen atoms (*q* = +0.12 *e*-) and the anionic oxygen of the substrate (*q* = -0.55--0.80 *e*-). Weaker partial charges on the DNC oxygen atoms lengthen the C-O distances even further ([S4 Table](#pone.0161868.s018){ref-type="supplementary-material"}). There are still distinguishable differences in sampled SAM-CAT distances for the two CAT m and b binding orientations ([Fig 5](#pone.0161868.g005){ref-type="fig"}). The b-CAT configuration samples distances shorter than 3.2 Å (or 2.8 Å) between a methyl C and O^-^ 42% (4%) of the time, whereas m-CAT only samples those distances for 11% (0.3%) of the trajectory. Both the b-CAT and m-CAT C-O distances may be fit to normal distributions with means of 3.22 Å and 3.44 Å, standard deviations of 0.175 Å and 0.236 Å, and minimum distances of 2.65 Å and 2.75 Å, respectively. Semi-empirical AM1 QM/MM geometry optimizations have indicated a C-O distance of 2.92 Å in an alternate, weakly-coordinating monodentate configuration (m-alt)\[[@pone.0161868.ref033]\], but the closest comparison to our room temperature MD result from the same level of theory instead indicated a 3.25--3.50 Å\[[@pone.0161868.ref084]\] preferred C-O distance in that orientation. Classical MD on the m-alt structure reveals a comparable C-O distribution for the Mg^2+^-coordinated hydroxyl oxygen (3.44 Å) and a broader and longer C-O distance for the free anionic oxygen (centered about 4.0 Å). This longer distance indicates that the anionic oxygen is seldom available to form a catalytically competent geometry and thus this configuration is not considered further ([S10 Fig](#pone.0161868.s010){ref-type="supplementary-material"}). We will revisit QM/MM equilibrium bond distances from QM/MM MD in the next section, where the possible effect of the different starting structures on the methyl transfer RDS will now be considered in more detail.

![Histograms of C(SAM)-O^-^(catecholate) distances for bidentate (black lines) and monodentate (red lines) catecholate-Mg^2+^ coordination in COMT.\
Dashed lines are the best-fit normal distributions. The range of C-O distances in X-ray crystal structures of COMT is indicated by two gray vertical dotted lines.](pone.0161868.g005){#pone.0161868.g005}

Substrate-position-dependent Free Energy Barriers {#sec009}
-------------------------------------------------

We now investigate how substrate-positioning differences affect predicted free energy barriers for the rate-determining methyl transfer step. Although a number of computational studies have made a range of predictions for the COMT methyl transfer free energy barrier\[[@pone.0161868.ref027], [@pone.0161868.ref032], [@pone.0161868.ref033], [@pone.0161868.ref037], [@pone.0161868.ref085]\] (3--30 kcal/mol), a systematic comparison of methyl transfer barriers between the distinct bidentate and monodentate substrate configurations has not been carried out.

Recent work by some of us\[[@pone.0161868.ref024]\] has indicated that properties of COMT converge only with inclusion of 100s of atoms in the QM region in QM/MM calculations. It appears that accurate free energy calculations should be carried out with charge transfer (CT) permitted between the substrates, Mg^2+^, and the protein environment. In order to enable sufficient sampling but maintain a sufficient description of the substrate electronic environment, we turn to computationally efficient semi-empirical methods and validate them with hybrid DFT. Semi-empirical models from Stewart and coworkers have been demonstrated\[[@pone.0161868.ref086]\] to describe Mg^2+^ hydration free energies well. The central importance of Mg^2+^ in this protein motivated our selection of the PM6 semi-empirical Hamiltonian as well as its availability in the AMBER code. Three SQM region sizes were considered: catecholate and SAM substrates only (S region), substrates with Mg^2+^ cation (SMg), and the substrates, Mg^2+^, and Mg^2+^ ligands (Asp141, Asp169, Asn170, Glu199, and water) as well as Lys144 (SMgL). Recall that in b-CAT, Glu199 hydrogen bonds with CAT whereas in m-CAT Glu199 directly coordinates Mg^2+^. Lys144 is included in order to allow for proton transfer or hydrogen bonding with CAT. The largest model selected here (SMgL) contains most of the critical residues used in previous large-scale QM/MM models\[[@pone.0161868.ref024]\].

Umbrella sampling was carried out to obtain the free energy for methyl transfer at the PM6/MM level of theory with an LCOD coordinate that was the difference (Δ) between the donor (S-C) bond and the acceptor (C-O) bond (sampled values illustrated in top panel of [Fig 6](#pone.0161868.g006){ref-type="fig"}). We observe a significant decrease in the methyl transfer free energy barrier as the SQM region size is increased ([Fig 6](#pone.0161868.g006){ref-type="fig"}), with a 6.3 kcal/mol drop from SMg to SMgL SQM regions. Only with the full SMgL region do we recover the prediction of an exothermic methyl transfer step, whereas the other two regions correspond to strongly endothermic reactions (see [Fig 6](#pone.0161868.g006){ref-type="fig"} and [S5 Table](#pone.0161868.s019){ref-type="supplementary-material"}). Overall prediction of a 21.8 kcal/mol free energy barrier for b-CAT is in good agreement with the experimental value of 18.1--19.2 kcal/mol\[[@pone.0161868.ref021], [@pone.0161868.ref022]\]. Continued QM region enlargement, which is currently computationally prohibitive, could improve agreement further.

![Bidentate methyl transfer free energy curves.\
(bottom) Methyl transfer free energy curves from PM6/MM (in kcal/mol) for three models of increasing size: catecholate and SAM substrate-only (S, black circles), with Mg^2+^ (SMg, red circles), and with Mg^2+^ coordination ligands (SMgL, green circles) plotted against the difference of S-C and C-O bond distances. (top) Absolute, average and range of S-C (yellow line) and C-O (gray line) distances (in Å).](pone.0161868.g006){#pone.0161868.g006}

In addition to the methyl transfer barrier, our sampling of the difference (Δ) between S-C and C-O distances provides information about the FES of the Michaelis complex. For all SQM regions the free energy surface is relatively flat over the range of Δ = -1.5 to -0.75 Å, but the free energy minimum shifts significantly from S to SMgL. The equilibrium C-O distance in b-CAT S SQM/MM is 3.12 Å, around the same as observed in MD, but this value decreases to 2.98 and 2.72 Å for SMg and SMgL SQM/MM, respectively ([Fig 6](#pone.0161868.g006){ref-type="fig"}, [Table 1](#pone.0161868.t001){ref-type="table"} and [S6 Table](#pone.0161868.s020){ref-type="supplementary-material"}). The CT-mediated minimum free energy C-O non-bonded distance in the SMgL SQM/MM Michaelis complex is consistent with the range of distances observed in crystal structures (2.45--2.81 Å). We note absolute bond distances are subject to the errors inherent in PM6 at around 0.03--0.10 Å\[[@pone.0161868.ref065]\], but trends in distances with QM-region likely benefit from cancellation of errors.

10.1371/journal.pone.0161868.t001

###### Geometries of the enzyme-substrate (ES) complex and transition state (TS) for m-CAT and b-CAT configurations for the SMgL PM6 SQM region.

![](pone.0161868.t001){#pone.0161868.t001g}

               b-CAT ES   m-CAT ES   b-CAT TS   m-CAT TS
  ------------ ---------- ---------- ---------- ----------
  S-C (Å)      1.76       1.76       2.21       2.19
  C-O (Å)      2.72       3.02       1.91       1.90
  Δ (Å)        -0.96      -1.26      0.32       0.29
  ∠S-C-O (°)   158.7      162.7      173.2      173.3

The CT-mediated C-O distance shortening appears strongly correlated to the reduction in free energy barriers. In fact, the three SQM regions can be fit (R^2^ = 0.99) to the expression: $$\Delta G^{\ddagger} = 25.5 \times d(\text{C-O}) - 47.8,$$ where *d*(C-O) is the C-O distance in Å of the Michaelis complex and the units are in kcal/mol ([S5 Table](#pone.0161868.s019){ref-type="supplementary-material"}). This observation suggests that within QM treatments of COMT, shorter distances are correlated to greater recovery of electronic contributions to enzymatic rate enhancement. However, we have not yet considered the effect the QM region size has on the highest energy point, which we refer to approximately as the transition state (TS) of the reaction coordinate.

Examining the b-CAT methyl transfer TS geometries (see [Table 1](#pone.0161868.t001){ref-type="table"} and [S6 Table](#pone.0161868.s020){ref-type="supplementary-material"}) reveals some S-C distance shortening as the SQM region is increased (from 2.28 to 2.21 Å for S to SMgL) but no significant difference in C-O distances (1.88 Å to 1.91 Å). However, this reduction in S-C distance pushes the transition state earlier on the Δ coordinate from 0.40 to 0.32 Å. Our SQM/MM results are consistent with or correspond to a slightly tighter transition state compared to distances in previous semi-local DFT/MM studies of 2.24 Å and 2.07 Å for S-C and C-O, respectively\[[@pone.0161868.ref085]\]. Differences in the S-C-O angle reveal some region dependence with the SMgL SQM/MM calculations showing the closest correspondence between the Michaelis complex and the TS of a little under 15°. Therefore, in the SMgL simulations, the effective barrier height reduction is arising because the TS and MC resemble each other more closely than in the smallest S SQM/MM calculations.

We now compute the region dependence of the free energy barriers for methyl transfer to m-CAT ([S11 Fig](#pone.0161868.s011){ref-type="supplementary-material"}, [S5](#pone.0161868.s019){ref-type="supplementary-material"} and [S6](#pone.0161868.s020){ref-type="supplementary-material"} Tables). We again observe a decrease in the free energy barrier as the SQM region is increased along with a shortening of the C-O distance in the Michaelis complex. Here, the S SQM/MM C-O distance of 3.38 Å is comparable to the classical MD m-CAT free energy minimum, and it shortens to 3.02 Å in the SMgL SQM/MM simulation. The distance shortening with SQM region increase is somewhat smaller in m-CAT than b-CAT (0.36 versus 0.40 Å), consistent with reduced CT and interaction with Mg^2+^ for m-CAT vs. b-CAT. Although the distance decrease is smaller, the free energy barrier reduction from S to SMgL SQM/MM is only slightly reduced (10.3 kcal/mol for bidentate to 8.7 kcal/mol for monodentate, see [Table 2](#pone.0161868.t002){ref-type="table"} and [S5 Table](#pone.0161868.s019){ref-type="supplementary-material"}). The resulting correlation between the free energy barrier and Michaelis complex is of similar magnitude to that for b-CAT, albeit with a reduced correlation coefficient of 0.85.

10.1371/journal.pone.0161868.t002

###### Free energy barriers (ΔG^‡^) and reaction free energies (ΔG~Rxn~) for methyl transfer from the monodentate and bidentate catecholate configurations with the SMgL SQM region in SQM/MM calculations.

![](pone.0161868.t002){#pone.0161868.t002g}

                ΔG^‡^ (kcal/mol)                                   ΔG~Rxn~ (kcal/mol)
  ------------- -------------------------------------------------- --------------------
  bidentate     21.8                                               -0.9
  monodentate   22.1                                               -2.4
  expt.         18.1--19.2[^a^](#t002fn001){ref-type="table-fn"}   ---

^a^Refs. \[[@pone.0161868.ref021], [@pone.0161868.ref022]\].

Overall comparison of the bidentate and monodentate methyl transfer for the largest SQM region considered reveals nearly identical methyl transfer energetics ([Fig 7](#pone.0161868.g007){ref-type="fig"} and [Table 2](#pone.0161868.t002){ref-type="table"}). The S-C and C-O distances of the m and b TSes are also nearly identical (see [Table 1](#pone.0161868.t001){ref-type="table"}). It has been suggested\[[@pone.0161868.ref034]\] that m-CAT orientation, especially with the catecholate oxygen anion uncoordinated to Mg^2+^, might be necessary in order to make the catecholate oxygen anion a more suitable nucleophile for the S~N~2 methyl transfer and that the b-CAT form in X-ray structures is an inactive state of the enzyme. The nearly identical methyl transfer barriers of 21.8 and 22.1 kcal/mol for b-CAT and m-CAT, which are both slight overestimates of the experimental range\[[@pone.0161868.ref021], [@pone.0161868.ref022]\] (18.1--19.2 kcal/mol), however, suggest the oxygen atoms of both coordination geometries are equally suitable nucleophiles. One could draw a different conclusion that the m-CAT structure was preferred if one used the CT-restrictive S SQM region results. The m-CAT reaction is predicted to be slightly more exothermic, as a consequence of a smaller effect on Mg^2+^ stabilization by CAT when the methylated m-CAT product is formed (see inset of [Fig 7](#pone.0161868.g007){ref-type="fig"}). \[[@pone.0161868.ref087]\]A key distinction for future study is that the b-CAT Michaelis complex C-O distance is dramatically shorter by nearly 0.4 Å, which may enhance reaction probability by impacting recrossing from that configuration and would need to be addressed by considering a generalized transmission coefficient.\[[@pone.0161868.ref087]\]

![Bidentate and monodentate methyl transfer free energy curves.\
Methyl transfer free energy curves (in kcal/mol) for the SMgL model for bidentate (blue circles) and monodentate (gray circles) catecholate-Mg^2+^ coordination plotted against the difference in S-C and C-O distances (in Å). Representative product geometries are shown in the inset.](pone.0161868.g007){#pone.0161868.g007}

We also considered the extent to which the choice of the PM6 semi-empirical method has impacted predictions of the methyl transfer free energy barriers. Earlier\[[@pone.0161868.ref033]\] AM1/MM calculations had used an MP2-derived correction in order to add \> 10 kcal/mol to the semi-empirical free energy barriers. However, two major differences in those calculations from the current work were the exclusion of Mg^2+^ from the SQM region and the use of a reactant reference in which Mg^2+^ was only weakly coordinated by the neutral hydroxyl oxygen of catechol and average C-O distances ranged from 2.95\[[@pone.0161868.ref033]\] to 3.25\[[@pone.0161868.ref084]\] Å. We compared our AM1/d/MM and PM6/MM free energy barriers, where the AM1/d semi-empirical approach incorporates parameters for Mg^2+^ and found the AM1/d/MM results to produce comparable energy barriers ([S12 Fig](#pone.0161868.s012){ref-type="supplementary-material"}). In the previous work\[[@pone.0161868.ref033]\], a very weakly coordinating CAT reference was used as the reactant, likely causing the lower computed barrier for methyl transfer (see [Fig 3](#pone.0161868.g003){ref-type="fig"}). In addition to semi-empirical methods, we compared enthalpies obtained with hybrid DFT using the B3LYP functional with the 6--311++G\* basis set. Using a number of techniques outlined in the Supporting Information including model calculations in gas phase and implicit solvent as well as clusters cut directly from the SQM/MM free energy curves, we confirmed consistency in barrier estimates between PM6 and hybrid DFT ([S7 Table](#pone.0161868.s007){ref-type="supplementary-material"} and [S13](#pone.0161868.s013){ref-type="supplementary-material"} and [S14](#pone.0161868.s014){ref-type="supplementary-material"} Figs). Overall, these results suggest that the electronic environment of COMT enforces a shortened C-O distance and lowers the free energy barrier for methyl transfer. Interconversion to a monodentate structure may occur on rapid timescales, but this structure likely is less, rather than more, reactive for methyl transfer.

Differences in Substrate-Protein Interactions {#sec010}
---------------------------------------------

Interactions between CAT, SAM, Mg^2+^, and protein appear distinct between b-CAT and m-CAT configurations. The electrostatic driving force for b-CAT to m-CAT rearrangement has been identified as the higher point charges for Glu199 than for the neutral catechol hydroxyl ([S7 Fig](#pone.0161868.s007){ref-type="supplementary-material"}). Nevertheless, electrostatic interactions are only part of free energy differences, and we now carry out binding free energy calculations and energy decomposition analysis (EDA) with MMPBSA in order to further identify differences in binding modes ([S3 Text](#pone.0161868.s024){ref-type="supplementary-material"}). The MMPBSA approach has been used before to analyze COMT inhibitor binding\[[@pone.0161868.ref027], [@pone.0161868.ref088], [@pone.0161868.ref089]\], but we leverage it for the first time to identify differences in b-CAT and m-CAT configurations.

We first computed total binding free energy components for CAT in a b-CAT, m-CAT, and local maximum (local max) configuration. The local max configuration corresponds to the highest free energy structure for a C-C-O-H dihedral around 0° on the 2D-FES ([Fig 3](#pone.0161868.g003){ref-type="fig"}) for the b-to-m transition. For these 3 orientations, we computed the CAT binding energy with a SAM- and Mg^2+^-containing receptor protein, consistent with experimental observations of the order of binding of substrates in COMT\[[@pone.0161868.ref012]\]. In addition to CAT binding, we considered the artificial case of treating Mg^2+^ as the ligand and the SAM-, CAT-containing protein as the receptor. Although not necessarily physical, this analysis enables us to answer the question of whether the overall stabilization of m-CAT is derived from stronger binding of Mg^2+^ or CAT to the protein.

Total and component binding free energies for CAT and Mg^2+^ reveal that Mg^2+^ binding is enhanced and CAT binding weakened from the b-CAT to m-CAT configurations ([Fig 8](#pone.0161868.g008){ref-type="fig"}). In CAT, a 59% reduction in the electrostatic (elst) stabilization is observed from b-CAT to m-CAT, but this reduction is counteracted by other components to give an overall decrease in binding free energy of 28%. These components are the reduction in cost to desolvate m-CAT, indicated primarily through the less repulsive Poisson-Boltzmann (PB) polar solvation term as well as a shift from weakly repulsive van der Waals (vdW) substrate-protein interactions to weakly attractive ones. Other components of the binding free energy are relatively unchanged. The increase in binding free energy of Mg^2+^ (see [Fig 8](#pone.0161868.g008){ref-type="fig"}) in the b-to-m transition is primarily (92% of total free energy difference) in the reduction of PB solvation penalty. The direct difference in gas phase elst of binding provides a comparatively smaller (5%) contribution. Local max elst become unfavorable, which is a likely component of the free energy barrier observed earlier on the 2D-FES. These MMPBSA results suggest the lower free energy of m-CAT on the 2D-FES is due to a stabilization of Mg^2+^ and destabilization of CAT.

![Binding free energy components.\
Binding components for Mg^2+^ (top) and catecholate (CAT, bottom) from MMPBSA for the bidentate (left), monodentate (right) and local max (center) configurations. Contributions of each bar for both graphs are shown in the legend (bottom right). Lines represent the total (squares), gas phase (triangles), and solvent (circles) contributions.](pone.0161868.g008){#pone.0161868.g008}

Decomposition of individual residue contributions to the binding free energy also provides insight into how protein-CAT interactions shift between the b-CAT and m-CAT configurations. We identified the residues or substrates that had at least 1 kcal/mol binding free energy difference between b-CAT and m-CAT: Mg^2+^, SAM, CAT, Glu199, Asp141, Lys46, Asp169, and Lys144 ([Fig 9](#pone.0161868.g009){ref-type="fig"}). Glu199 had been previously identified (see [Fig 4](#pone.0161868.g004){ref-type="fig"}) as forming a hydrogen bond to b-CAT or alternately coordinating Mg^2+^ and repelling m-CAT, consistent with a 7 kcal/mol more repulsive contribution to m-CAT binding due to increasing elst binding penalty. The Mg^2+^-coordinating residues Asp141 and Asp169 are similarly more repulsive (3 and 2 kcal/mol, respectively), but, unlike Glu199, these differences are derived from the gas phase vdW and polar solvation (pol) contributions as a result of m-CAT\'s greater proximity to those residues. The increased electrostatic attraction of Lys144 and binding free energy contribution change (-1 kcal/mol) is due to increased hydrogen bonding between m-CAT and the NH~3~^+^ group of Lys144. Similarly, the protonated Lys46 is positioned on the neutral hydroxyl side of CAT. The b-to-m hydroxyl reorientation increases (-2 kcal/mol) favorable interactions between m-CAT OH and Lys46.

![Residue contributions to catecholate binding.\
Residue contributions to binding in bidentate (green circle, left bar in clustered bars) and monodentate (red circle, right bar) binding free energy as well as elst (blue bar) and pol+vDW (gray bar) contributions.](pone.0161868.g009){#pone.0161868.g009}

The remaining b-to-m shifts in residue contributions to binding energies are derived from SAM, CAT, and Mg^2+^ and recapitulate earlier observations of Mg^2+^ increasing binding and CAT decreasing binding (see [Fig 8](#pone.0161868.g008){ref-type="fig"}). This difference may be rationalized by an increase in solvent exposure of Mg^2+^ in the m-CAT configuration as well as a more stabilizing coordination sphere from Glu199 even in the absence of m-CAT (i.e. in the receptor alone). CAT gas phase electrostatic binding is greatly reduced (20 kcal/mol), although this effect is counterbalanced slightly by a reduction in the repulsive pol+vdW contributions for overall binding (17 kcal/mol). Changes in SAM contribution to binding are weakly attractive by -1 kcal/mol, likely due to reorientation of the CAT O^-^.

Finally, we consider the shift in residue-by-residue interactions for b-CAT and m-CAT using MMGBSA. We compare the absolute energies of the b-CAT and m-CAT complexes and identify a large number of residue pairs that contribute more than 1 kcal/mol difference in pairwise-residue total interaction energies. The map shown in [Fig 10](#pone.0161868.g010){ref-type="fig"} is a 2D projection of the center of mass of each residue in the protein that has pairwise-residue interaction energy shifts indicated by a line connecting residues (red for increasing, blue for decreasing). Most of the strongest pairwise changes are adjacent to CAT in the active site and consistent with earlier EDA. From b-CAT to m-CAT, the CAT-Mg^2+^ interactions are weakened, Lys46 interactions increase with CAT and decrease with Mg^2+^, and Mg^2+^ interactions with nearly all other directly coordinating residues (Glu199, Asp169, Asp141, and Asn170) are strengthened. Other strong b-to-m shifts are strengthened binding of SAM to the protein via a SAM carboxylate-Asn41 sidechain interaction and hydrogen bonding to the Glu90 sidechain.

![Network graph of interaction shifts.\
Graph (full left and inset right) of difference in total pairwise residue interaction energies between bidentate and monodentate catecholate binding (greater than 1 kcal/mol). Line color indicates strengthening (red) or weakening (blue) with saturation of colors at +/- 15 kcal/mol.](pone.0161868.g010){#pone.0161868.g010}

Subtler shifts in pairwise interactions highlight key residues that have been identified in earlier work but also suggest new interactions that may warrant further study. In m-CAT, the \"gatekeeper\" residues\[[@pone.0161868.ref012]\] Trp38 and Pro174 have strengthened interactions with Glu199 and CAT, respectively. Tyr68 interactions with Glu6 strengthen while interactions with Met40 weaken, suggesting a slight movement of Glu6 and Tyr68 away from the active site in the monodentate structure. COMT Tyr68Ala mutants have been shown experimentally and computationally\[[@pone.0161868.ref022], [@pone.0161868.ref024]\] to be less catalytically competent, strongly implicating Tyr68 as a key residue to mediate methyl transfer. Although Tyr200 has been identified as a component of the substrate binding pocket\[[@pone.0161868.ref025]\], one strong pairwise interaction shift involving residues not highlighted in previous work is the Asp30-Tyr200 pairwise interaction. The change in sidechain hydrogen bonding between the solvent- and active-site-facing loop Tyr200 and α-helix Asp30 disrupts the loop orientation. This observation is consistent with experiments that have identified significant loop movements are occur in COMT when comparing an ensemble of structures ranging from apo to holo forms\[[@pone.0161868.ref090], [@pone.0161868.ref091]\].

Another important cluster of interaction shifts is the strengthening of Arg161 pairwise interactions with Asp136 and Lys162 along with Asp136 and Ser60 pairwise interaction weakening from b to m configurations. These residues are maximally distant from the active site, adjacent to the well-studied\[[@pone.0161868.ref022], [@pone.0161868.ref024], [@pone.0161868.ref029], [@pone.0161868.ref030], [@pone.0161868.ref043], [@pone.0161868.ref092]\] Val108Met polymorph site and could play a similar role in altering the solvent accessibility of the active site and stability of the protein as was suggested for Val108Met. More proximally, the α-helical residues Tyr71 and Arg75 have a strengthened interaction adjacent to a number of active site residues. These results motivate future extensions to use this energy decomposition analysis to guide computational mutagenesis.

Conclusions {#sec011}
===========

We have used classical and semi-empirical quantum mechanical methods to investigate multiple substrate binding modes observed in computation and experiment and how they influence mechanistic predictions in COMT. At the classical level, a monodentate CAT structure in which only a single oxygen anion is coordinated to Mg^2+^ is preferred by 4 kcal/mol over the experimental structure in which both CAT oxygen atoms are coordinated to Mg^2+^. However, the free energy barrier for transfer between these two basins of around 7 kcal/mol leads to 350 ns or longer stabilization of the bidentate structure in MD trajectories after careful equilibration of the protein. Although the barrier for substrate interconversion is substantially higher than k~B~T, it is still lower than the methyl transfer RDS, which is known to experimentally to have a free energy barrier around 18--19 kcal/mol. Although both binding modes have been remarked on, we have presented the first systematic determination of the free energy of these two binding modes.

Our work suggests the importance of charge transfer in methyltransferase modeling: as charge transfer is permitted between Mg^2+^ and the catecholate substrate in the increasingly large SQM regions, i) the free energy barrier is reduced by around 10 kcal/mol to bring it into consistency with experiment and ii) the non-bonded C-O distance of the Michaelis complex (2.7 Å) simultaneously comes into agreement with short distances (2.5--2.8 Å) observed experimentally in COMT crystal structures for the bidentate configuration. Future work will be aimed at using accelerated, fully first-principles methods to quantify differences in stability and reactivity of diverse substrate binding poses and protonation states in MTase active sites.

Supporting Information {#sec012}
======================

###### Bond distance distribution using different Mg^2+^ parameters.

(TIF)
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Click here for additional data file.

###### Bond distances from protocol 1.

(TIF)
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Click here for additional data file.

###### Bond distances from protocol 2.

(TIF)
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Click here for additional data file.

###### Bond distances from protocol 3.

(TIF)

###### 

Click here for additional data file.

###### Bond distances from protocol 4.

(TIF)
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Click here for additional data file.

###### Dihedral angle distribution in restrained simulations.

(TIF)

###### 

Click here for additional data file.

###### Oxygen charges and coordination environments for magnesium in bidentate and monodentate catecholcate (CAT) and dinitrocatecholate (DNC).

Charges for CAT/DNC are obtained from RESP (HF/6-31G\*) calculations as described in the text while the other charges are from the TIP3P or Amber ff12SB force fields.

(TIF)

###### 

Click here for additional data file.

###### Free energy of rearrangement (in kcal/mol) of catecholate from bidentate to alternate monodentate configuration.

Error bars shown are from Monte Carlo analysis.

(TIF)

###### 

Click here for additional data file.

###### Representative, average bidentate (left) and monodentate (right) dinitrocatecholate (DNC) substrate configurations at the COMT active site.

Substrates are shown in orange and labeled in brown while protein residues are shown in blue and labeled in dark blue. Key distances are labeled (in Å), except for D141-Mg^2+^, D1619-Mg^2+^, and Mg^2+^-H~2~O, which are omitted for clarity.

(TIF)
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Click here for additional data file.

###### C-O distance distribution of alternate monodentate anionic oxygen and hydroxyl oxygen compared to standard monodentate and bidentate configurations.

(TIF)
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Click here for additional data file.

###### SQM region dependence of monodentate methyl transfer barriers.

(TIF)
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Click here for additional data file.

###### AM1/d and PM6 SMg free energy barrier comparison.

(TIF)

###### 

Click here for additional data file.

###### Unconstrained SAM-CAT methyltransfer reaction coordinate computed with B3LYP and PM6.

The pathway is obtained at the B3LYP/6-311++G\* level of theory with nudged elastic band compared to single point energies obtained at the PM6 level of theory all treated with the COSMO implicit solvent model (ε = 10).

(TIF)

###### 

Click here for additional data file.

###### Constrained methyl transfer reaction coordinate for PM6 vs B3LYP.

The (d(S-C)-d(C-O) in Å) reaction coordinate is obtained for PM6 and B3LYP/6--311++G\* in COSMO implicit solvent (**ε** = 10).

(TIF)
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Click here for additional data file.

###### Mg^2+^ ion force field parameters.

(DOCX)
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Click here for additional data file.

###### Dihedral angle and bond distances in restraints simulations with different force constant.

(DOCX)
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Click here for additional data file.

###### Target d(S-C)-d(C-O) values for each window in umbrella sampling along with maximum and minimum values sampled for the bidentate configuration and SMgL semi-empirical model.

(DOCX)

###### 

Click here for additional data file.

###### Catecholate and dinitrocatecholate active site distances.

(DOCX)
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Click here for additional data file.

###### SQM region dependence of monodentate and bidentate methyl transfer.

(DOCX)
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Click here for additional data file.

###### SQM region dependence of geometric properties for the enzyme-substrate complex (ES) and transition state (TS).

(DOCX)

###### 

Click here for additional data file.

###### Comparison of reaction energies for methyltransfer to catecholate (CAT) from S-Adenosyl methionine (SAM) or trimethyl sulfonium (TMS) in the gas phase and with the COSMO solvation model (ε = 10 or ε = 78.4) computed with PM6 or B3LYP/6-311++G\*.

(DOCX)

###### 

Click here for additional data file.

###### Extended discussion of equilibration protocols and force field parameters.

(PDF)

###### 

Click here for additional data file.

###### Discussion of PM6 vs. B3LYP reaction energies.

(PDF)
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Click here for additional data file.

###### Description of MMPBSA.

(PDF)

###### 

Click here for additional data file.
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